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ABSTRACT

Silica aerogels are three-dimensional assemblies of silica nanoparticles with
extremely low densities. In some instances, the internal void volume is more than 90% of
the total volume. The highly porous structure of the aerogels leads to attractive properties
for thermal and noise insulation, due to very low thermal conductivity and very high
acoustic impedance. The strength of silica aerogels has been substantially improved by
casting a thin conformal polymer coating over the entire internal porous surfaces of the
nanostructure. The coating reinforces the interparticle connections without significantly
compromising the internal void space.
To analyze and compare the properties of several lightweight polymer-crosslinked
silica aerogels, spatially resolved T1 and T2 relaxation studies were conducted. The
polymer-crosslinked aerogels were precision-machined to snugly fit into the lower parts
of standard NMR tubes. A mixture of equal amounts of acetone and deuterated acetone
was used as the liquid to fill the void volume of the aerogels. Spin-echo and saturationrecovery relaxation sequences were used as part of a standard one-dimensional gradientrecalled echo imaging sequence. For comparison, native aerogels without the polymer
coating were examined with the same pulse sequences. Because of the fragile
nanoparticle network, native gels could not be machined but were generated directly
inside the NMR tubes. The porosity of the gels was determined using the relaxation
profiles. The relaxation times were found to have a significant dependence on the coating
polymer and also on the formation process of the aerogels. In addition, the relationship
between the pore size and relaxation time was also analyzed.
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1. INTRODUCTION

1.1. NMR
Nuclear magnetic resonance (NMR) is a spectroscopic technique that utilizes the
magnetic property of nuclei to analyze compounds. Nuclei that possess a magnetic
moment can be studied using NMR [1, 2, 3]. The nuclear magnetic moment, µ, is a result
of the intrinsic angular momentum of the nucleus, P. The nuclear magnetic moment and
angular momentum are proportional to one another, as indicated by Equation 1. The
proportionality factor, γ, is called the magnetogyric ratio and is specific to the nuclide
being studied.
 = 

(1)

The angular momentum of a nucleus is quantized and can be determined from the
angular momentum quantum number, I, which is also known as the nuclear spin.
Equation 2 illustrates the relationship between the nuclear angular momentum and the
nuclear spin, where ћ = h/2π and h is Planck’s constant. Nuclear spin is due to unpaired
protons and neutrons in the nucleus of an atom; it is known to have half-integer values up
to 6, thus values of nuclear spin can be 0, ½, 1, 1 ½, etc. A nucleus with a nuclear spin of
zero has no magnetic moment and cannot be observed using NMR.
 =  + 1 ℏ

(2)

When no external magnetic field is present the nuclear magnetic moments,
commonly referred to as spins, are randomly oriented. These spins all have the same
energy and occupy the same energy level. When the nuclei are introduced to an external
magnetic field the spins align in a finite number of orientations relative to the applied
field. Each of these orientations corresponds to a different energy level. The number of
possible orientations is determined by the magnetic quantum number. The magnetic
quantum number is related to the nuclear spin, having values from I to -I (e.g. mI = I, I 1, …, -I ). Therefore, nuclei with a nuclear spin of ½ the spins can have two possible
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orientations, ½ and -½; for larger values of nuclear spin there are more possible
orientations. Nuclides such as 1H and 13C are commonly studied using NMR and have a
nuclear spin of ½. When introduced to an external magnetic field, these spins align either
in the direction of the field or against the field and precess about the magnetic field [1, 2,
3, 4]. The frequency of this precession, called the Larmor frequency, is proportional to
the applied magnetic field. Equation 4 illustrates the relationship between the applied
magnetic field, B0, and the Larmor frequency, νL, of a specific nuclide.

ν =

ఊబ

(4)

ଶగ

The ratio of the number of spins in the upper energy level, Nβ, to the number of
spins in the lower energy level, Nα, is described by Boltzmann statistics [1, 5] as shown
in Equation 5, where k is the Boltzmann constant. The ratio of spins is dependent on the
difference in energy between upper and lower energy levels, ∆E, and the absolute
temperature, T.
ಊ
ಉ

∆ா

= exp − ்

(5)

At room temperature the levels have near equal spin populations with a small
excess in the lower energy state, corresponding to the alignment along the direction of the
applied magnetic field. This population difference results in a net magnetic moment
along the applied magnetic field, also referred to as net magnetization. Figure 1.1 shows a
classical representation of the nuclear spins for spin ½ nuclides in the presence of an
applied magnetic field and the resulting net magnetic moment. The energy level
separation in combination with the population difference makes it possible to study
molecules with NMR.
NMR is generally used for structural analysis of organic compounds [1, 6]. A
simple one pulse experiment can be used to yield structural information; in this type of
experiment the sample is irradiated with a radiofrequency pulse and the resulting signal is
then collected. The radiofrequency pulse affects the spin state and phase coherence of the
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nuclides [1, 7, 8]. A change in spin state occurs as a result of a change in energy of a spin
system induced by a radiofrequency pulse; for a spin ½ nuclide this would be a transition
from alignment with the applied field to alignment against the applied field, or the
reverse process. Application of a radiofrequency pulse also causes the spin phases to
become synchronized. Figure 1.2 illustrates the classical representation of this where the
spins bunch together, a condition known as phase coherence. When the spins become
coherent there is a net magnetization, coherence magnetization, precessing in the xyplane.

Figure 1.1. Classical representation of spin ½ nuclides in the presence of an external
magnetic field and the resulting net magnetic moment

For the purpose of understanding most NMR experiments it is generally sufficient
to look at the net magnetization. We will abandon focus on the individual magnetic
moments involved and look at the net magnetization using the vector model in the
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rotating frame of reference. In the vector model, the vectors represent the net
magnetization in the coordinate axis. However, looking at the net magnetization as a
vector is still complex due to precession of the magnetization about the z-axis. A
reasonable solution is to apply the vector model to a rotating frame of reference instead
of a stationary coordinate axis. In the rotating frame the coordinate axis rotates about the
z-axis at the Larmor frequency [3]. As a result, magnetization that is precessing at the
Larmor frequency appears stationary in the rotating frame.

Figure 1.2. Classical representation of phase coherence caused by the application of a
radiofrequency pulse on spin ½ nuclides and the resulting net magnetization

Figure 1.3 is a diagram of a standard one pulse NMR experiment and the resulting
net magnetization throughout the experiment. The pulse sequence begins with a time
delay, d1. This delay is necessary for the spin system to achieve thermal equilibrium
before applying the 90˚ pulse. If the delay is too short the signal intensities may not be
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detected at all or will be reduced and quantitative analysis will not be possible. At
equilibrium the net magnetization of the sample is directed along the axis of the main
magnetic field; this is designated as the z-axis. The sample is then irradiated with a
radiofrequency pulse, referred to as a 90˚x pulse. This pulse rotates the magnetization by
90˚ about the x-axis; the resulting net magnetization lies along the direction of the y-axis.
In the absence of a radiofrequency pulse the magnetization will precess about the z-axis
of the applied magnetic field.

Figure 1.3. Standard one pulse NMR sequence and the resulting net magnetization
throughout the experiment

Precessing magnetization in the xy-plane induces a current in the receiver coil [4,
5, 8]; the induced current is monitored as a function of time. The detected signal
oscillates as a function of the precession of the net magnetization and decays as the
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ensemble of spins return to thermal equilibrium. The resulting signal is called a free
induction decay (FID). This time dependent data is then transferred to the frequency
domain by Fourier transformation. The precession frequency is directly proportional to
the magnitude of the magnetic field, as can be seen in Equation 4. Thus precession
frequencies of 1 Hz, 2 Hz, and 3 Hz in a given magnetic field would have precession
frequencies of 2 Hz, 4 Hz, and 6 Hz in a magnetic field with twice the strength. This
makes comparison between data obtained at different magnetic fields problematic.
Therefore, the frequency scale is generally changed to a chemical shift scale in parts per
million (ppm) relative to the resonance frequency of a standard resonance [2, 3].
Equation 6 illustrates how the chemical shift, δ, is determined for a given resonance
frequency, ν, where νref is the resonance frequency of the standard. For protons the
resonance frequency of protons in tetramethylsilane (TMS) is used as the reference, thus
has a chemical shift of 0 ppm.

δ=

ଵల ሺି౨ ሻ
౨

(6)

The process of the collection of precessing spins returning to thermal equilibrium
is referred to as relaxation. Relaxation of the spins occurs by way of two processes, spinlattice relaxation and spin-spin relaxation [1, 3, 5, 9]. Spin-lattice relaxation is a measure
of the rate of interconversion between spin states to restore the equilibrium
magnetization. Spin-spin relaxation is a measure of the rate of the loss of phase
coherence by the spins.
1.1.1. Longitudinal Relaxation. Recovery of the longitudinal magnetization, the
component parallel to the applied field, is referred to as longitudinal relaxation or spinlattice relaxation. This process is quantified by the time constant, T1, known as the
longitudinal relaxation time constant or spin-lattice relaxation time constant.
The longitudinal relaxation time constant is generally measured using an
inversion-recovery pulse sequence [1, 4, 5]. Figure 1.4 diagrams a typical inversionrecovery pulse sequence used to measure longitudinal relaxation in addition to the
resulting net magnetization throughout the experiment. The pulse sequence begins with a
time delay, d1, to ensure the magnetization of the sample is at thermal equilibrium before
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beginning or repeating the pulse sequence. A 180˚x pulse is then applied which rotates the
net magnetization 180˚ about the x-axis, thus inverting the magnetization resulting in a
net magnetization directed along the negative z-axis. During the relaxation delay, τ, the
spins begin to relax back to their equilibrium state. A 90˚x pulse is applied to place the
partially recovered magnetization into the xy-plane to allow for measurement of the
signal.

Figure 1.4. Inversion-recovery pulse sequence and the resulting net magnetization
throughout the experiment

8
Using the inversion-recovery pulse sequence, longitudinal relaxation can be
monitored by performing a series of measurements at different relaxation delay times.
After short relaxation delays the net magnetization is negative; as the time allowed for
relaxation increases the net magnetization becomes less negative until it disappears
completely. Further increasing the relaxation delay reveals continued relaxation of the
spins; the net magnetization becomes positive and increases as the relaxation delay is
increased. This is shown in Figure 1.4 after the relaxation delay, where the black to light
gray components indicate a range of short to long relaxation delays.
Figure 1.5 displays typical results obtained from an inversion-recovery
experiment; this includes a series of data collected at various relaxation delays in addition
to a plot of the signal intensity versus the relaxation delay. The signal intensity begins as
a negative intensity due to the initial inversion of the magnetization. As the delay time is
increased the negative signal intensity is reduced and a positive signal emerges.

Figure 1.5. Typical results from an inversion-recovery experiment
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The relaxation of the longitudinal component of magnetization is exponential in
nature. The relationship between the relaxation delay, τ, and the signal intensity, M, is
described by Equation 7 [1, 5, 9]. Here M0 is the signal intensity at a relaxation delay of
zero. Based on this relationship, the longitudinal relaxation time constant, T1, can be
determined by plotting the signal intensity at various relaxation delays as shown in Figure
1.5.

=



1−2

ିఛൗ்
భ

(7)

Another common method of measuring the longitudinal relaxation time is by
using a saturation-recovery pulse sequence. Figure 1.6 diagrams a typical saturationrecovery pulse sequence as well as the resulting net magnetization throughout the
experiment. After the initial delay, d1, there is a long series of radiofrequency pulses,
called a pulse train, with short delays in between each pulse. These pulses are generally
90˚ or less, and the delays can all be the same or varied to optimize the saturation. After
the pulse train, the sample has no net magnetization and the spin system is said to be
saturated. During the relaxation delay, τ, the spins begin to relax back to their equilibrium
state. In contrast to the inversion-recovery pulse sequence, the magnetization is never
negative in a saturation-recovery experiment. When there is no relaxation delay, there is
no signal because the spins are saturated and given no time to relax. As the relaxation
delay is increased the signal intensity increases, displaying recovery of the magnetization
towards equilibrium. This is illustrated in Figure 1.6 after the relaxation delay; the black
to light gray components correspond to a range of short to long relaxation delays. A 90˚x
pulse is then applied to place the recovered magnetization into the xy-plane to allow for
measurement of the signal.
The relationship between the relaxation delay and the signal intensity for a
saturation-recovery experiment is described by Equation 8 [1, 5, 9]. Using this
relationship, the longitudinal relaxation time constant can be obtained from a plot of the
signal intensity versus the corresponding relaxation time.
=



1−

ିఛൗ்
భ

(8)
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Figure 1.6. Saturation-recovery pulse sequence and the resulting net magnetization
throughout the experiment

Similar to the inversion-recovery pulse sequence, obtaining a series of
measurements at different relaxation delay times with the saturation-recovery pulse
sequence allows observation of longitudinal relaxation. Figure 1.7 shows typical results
obtained from a saturation-recovery experiment. The signal intensity begins at zero due
to the initial saturation and increases as the relaxation delay time is increased.
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Figure 1.7. Typical results from a saturation-recovery experiment

1.1.2. Transverse Relaxation. Decay of the transverse component of the net
magnetization, the component perpendicular to the direction of the applied field, is
referred to as transverse relaxation or spin-spin relaxation. This process is quantified by
the time constant, T2, known as the transverse relaxation time constant or spin-spin
relaxation time constant.
Transverse relaxation is generally studied using a spin-echo pulse sequence [1, 4,
10]. Figure 1.8 diagrams a typical spin-echo pulse sequence as well as the resulting
magnetization throughout the experiment. The pulse sequence begins with a time delay,
d1, which is sufficient for the spins to reach thermal equilibrium before beginning or
repeating the pulse sequence. A 90˚x pulse is then applied, which rotates the net
magnetization about the x-axis into the transverse plane, the xy-plane. During the
relaxation delay, τ, the spins begin to relax back to their equilibrium state. Both
transverse relaxation and longitudinal relaxation occur during this delay. In addition to
relaxation, the net magnetization spreads out within the xy-plane due to different Larmor
frequencies and inhomogenieties in the applied magnetic field. A 180˚y pulse is then
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applied followed by a second relaxation delay equal to that of the first. The 180˚y pulse
inverts the net magnetization about the y-axis within the transverse plane. The second
relaxation delay allows time for the signals to refocus and reduces effects due to
inhomogeneities in the magnetic field [4, 10].

Figure 1.8. Spin-echo pulse sequence and the resulting net magnetization throughout the
experiment

Transverse relaxation can be observed by monitoring the signal intensity of the
magnetization after allowing it to relax for different intervals of time. As the time
allowed for relaxation increases the signal intensity decreases. The relationship between
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the relaxation delay, τ, and the signal intensity, M, can be described by Equation 9 [1, 5,
9].

 ܯൌ ܯ ݁

ିଶఛൗ்
మ

(9)

Using this relationship, the transverse relaxation time constant, T2, can be
determined by plotting the signal intensity at various relaxation delays. The pulse
sequence diagramed in Figure 1.8 results in a total relaxation delay of 2τ, therefore the
relationship given by Equation 9 is analyzed with 2τ instead of τ. Typical results obtained
by a spin-echo experiment are shown in Figure 1.9.

Figure 1.9. Typical results from a spin-echo experiment
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1.2. SILICA AEROGELS
Silica aerogels are highly porous materials made by the sol-gel method [11]. As
indicated by the name, the sol-gel method consists of preparing a sol and then a gel. A sol
is a colloidal system of dispersed particles in a liquid medium. In the case of silica
aerogels, the dispersed particles are silicon alkoxides and the liquid is generally an
organic solvent such as methanol. A gel is also a colloidal system, but one with a solid
character where the dispersed particles connect together and form a framework.
A gel is usually classified according to the dispersion medium, e.g., a hydrogel or
aquagel in water, an alcogel in alcohol, an aerogel in air. When liquid is removed from a
gel by evaporation, the resulting surface tension and capillary pressure due to the liquidvapor interface can cause considerable shrinkage, cracking, and partial collapse of the
gel. When there is a significant change in the gel structure due to shrinking and collapse
the gel is called a xerogel instead of an aerogel. An aerogel is obtained when the liquid
medium is removed with very little change to the gel structure; this usually requires
special conditions to prevent significant shrinking and cracking of the gel.
Aerogels have many useful properties which are due to their porous structure.
Two of the main features of the porous structure that are often focused on are the porosity
and pore size. Porosity is the ratio of the pore volume to the bulk volume of the aerogel;
silica aerogels normally have a porosity greater than 90%. The high porosity of aerogels
leads to many unusual properties that are more characteristic of a dense gas than a solid
[12]. The term pore size is somewhat deceiving considering that the pores of an aerogel
don’t have a set geometric shape. Nevertheless, pores less than 2 nm are classified as
micropores, ranging from 2 to 50 nm are mesopores, and greater than 50 nm are
macropores [11]. Pore sizes of silica aerogels generally fall in the range of nanometers to
micrometers, but the majority fall in the mesopore range. Due to the high porosity and
small pore size, aerogels have very low densities and very large surface areas. Depending
on preparation conditions, silica aerogels can be translucent or transparent and
hydrophilic or hydrophobic. In addition, aerogels have low thermal conductivities, low
refractive indices, low acoustic impedance, and low dielectric constants.
Aerogels have been considered for many applications including catalyst supports,
acoustic barriers, thermal insulation, filters, thickening agents for liquid transportation,
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pesticides, sensors, capacitors, desiccants, and waste containment [13]. Aerogels were
first prepared in the 1930s, but there was not a significant amount of research or
development of aerogels until the 1960s. The return of interest in aerogels came in
parallel to the rapid development of aerogels at that time [14]; specifically the significant
shortening of the preparation time which previously took more than a week. Despite the
high potential of aerogels, they were not put into practical use until 1974 when they were
used in Cerenkov radiation detectors. Aerogels have been the standard media for
collecting cosmic dust and have been used as thermal insulation on Mars rovers [15]. In
addition, aerogels have been used as thermal insulation in dual-pane windows (Super
Windows) [12]. They have been used as biocatalysts by encapsulating enzymes and
biosensors by immobilizing the sensor portion of the detector [16].
1.2.1. Native Silica Aerogels. Native silica aerogels are prepared by the sol-gel
process, which consists of a series of hydrolysis and condensation reactions. The sol-gel
process is initiated by mixing the selected precursor, water, an organic solvent, and a
catalyst. Sol-gel precursors are generally tetrafunctional or trifunctional silicon alkoxides;
an alternative cheaper silica source that is common for commercial synthesis is sodium
silicate. Water is necessary for the hydrolysis of the precursor, but since silicon alkoxides
have a low solubility in water an organic solvent is used as the dispersion medium. An
acid or base catalyst can be used for the preparation of gels; three procedures are used,
including acid catalysis, base catalysis, and two-step catalysis [17]. The two-step process
begins in acidic solution and then a base is added to increase the rate of condensation and
reduce the gelation time. Under acidic conditions hydrolysis is favored and condensation
is the rate-determining step, whereas under basic conditions hydrolysis is the ratedetermining step [14].
After gelation the gel is usually aged in the solution. The gel is initially very
flexible. While still in solution, the neighboring hydroxyl or alkoxy groups can undergo
condensation. This process is referred to as aging, which strengthens the gel and reduces
the amount of shrinkage during drying. In addition, due to the reversible nature of
hydrolysis and condensation, mass is dissolved from thermodynamically unfavorable
regions and condenses in thermodynamically more favorable regions [14]. The
dissolution and reprecipitation results in a reduction of the net curvature, disappearance
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of small particles, and filling of small pores. The gel is then dried in a way to prevent
collapse of the gel structure; in most cases supercritical drying is used. The solvent is put
into the supercritical state and exchanged with a gas. This process eliminates the liquidgas interface, thus there are not surface tension or capillary forces acting on the gel
network during drying. The resulting aerogels are obtained with little to no shrinkage or
cracking.
There are several parameters that can affect the sol-gel process, thus altering
characteristics of the resulting gels. These include the choice of precursor, concentration
of the precursor, water to precursor ratio, solvent used, temperature, and catalyst. The
concentration of the precursor will directly affect the density of the resulting gel, while
the amount of water will affect the rate of hydrolysis. The type of catalyst used influences
the morphology of the gel. In general, acid catalyzed gels consist of weakly branched
entangled linear chains creating a microporous structure, while base catalyzed and twostep gels consist of a network of uniform particles with more branching and larger pores
[17]. Acid catalyzed gels are not only extremely weak, but the preparation time is
generally significantly longer due to the slower rate of condensation. Therefore base
catalysis and two-step catalysis are more commonly used than acid catalysis. Base
catalyzed and two-step aerogels are formed from bead-like clusters of primary silica
particles. These clusters are referred to as secondary particles. The secondary particles
form a pearl-necklace type network connected by necks [18]. The pores in base-catalyzed
silica aerogels are generally mesopores about 50 nm in diameter [19]. Templating and
swelling agents may be used to control the pore sizes. If a sufficient amount of swelling
agent is used the mesoporous structure will be destroyed, leaving a macroporous structure
[20].
Aerogels have a wide variety of desirable properties, but their practical use has
been limited due to some disadvantages. Aerogels are typically very fragile, brittle,
hydrophilic materials. They are prone to cracking and breaking, which makes them
difficult to process and limits practical use. The hydrophilicity reduces their stability in a
humid atmosphere; adsorption of water will lead to cracking or even collapse of the gel
structure. In addition, the expensive, risky supercritical drying step limits the use of
aerogels in large scale commercial applications. All of these disadvantages have been
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addressed by varying types of surface modification of the gels [19, 21]. Modifications
range from simply replacing the surface hydroxyl groups with alkyl groups to
crosslinking the aerogels by tethering polymers to the surface.
1.2.2. Polymer Crosslinked Silica Aerogels. The extreme fragility of native
aerogels has been linked to the necks between the secondary particles. It has been shown
that the silica network can be reinforced by using polymers as an interparticle crosslinker.
This has been done by using the surface hydroxyl groups to begin the crosslinking. The
surface hydroxyls have been used to tether diisocyanates to the surface of the silica gel
[19]. These tethers then react with water forming an amine that then reacts with more
diisocyanate. The resulting crosslinking is thus mostly polyurea-based with a carbamate
(urethane) linkage at the silica surface [22]. A variety of polymers can be used to
crosslink silica aerogels by modifying the surface of the silica gel with the appropriate
functionality. For instance, the hydroxyl functionality can be replaced by an amine
functionality. Similar to the hydroxyl functionality, the amine functionality can be used to
crosslink with diisocyantates; this creates crosslinking that is purely polyurea-based. The
amine functionality has also been used to crosslink the silica surface with polyfunctional
epoxies [23] and polyfunctional styrene [24]. Silica gels have also been successfully
crosslinked with methylmethacrylate, styrene, and divinylbenzene after modifying the
silica surface with a free radical initiator [25].
The density, porosity, and underlying morphology of the native aerogels modified
with amine functionalization and a free radical initiator stay relatively the same. When
silica gels are crosslinked with polymers the material is introduced conformally to the
silica network, this erases all fine particle definition. Crosslinking blocks channels to the
micropores within the secondary particles, but the mesoporous network remains [19].
Retention of the mesoporous network and the high porosity also retains many of the
attractive properties of native silica aerogels. In addition, crosslinking greatly improves
the mechanical strength and makes it possible to machine the aerogels. Properties of the
crosslinked gels depend on their density, which can be controlled by varying the
concentration of the crosslinker. Increasing the density by a factor of three leads to an
increase of strength by a factor of approximately three hundred [18]. The increased
strength is attributed to the wider necks and flexible organic nature. The increased
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strength of crosslinked gels allows the gels to withstand the surface tension forces during
ambient pressure drying with hydrocarbon solvents [26]. The increase in strength is
relatively the same from one polymer to another, thus it is expected that further
strengthening may only be possible by modifying the underlying silica network not
changing the polymer used in crosslinking [24]. However, it has been shown that the
aerogels that are first modified with free radical initiator on the surface are decisively
stronger than the other crosslinked aerogels [25]. This increase in strength was attributed
to the longer interparticle polymer chains that resulted. The longer chains are expected to
hold the structure together when even the interparticle necks are broken. In general
crosslinked aerogels are found to be about ten times less hydrophilic than native aerogels
[18], but styrene crosslinked aerogels are hydrophobic.
Crosslinking of silica aerogels resolves many of the drawbacks that have limited
their practical use. The strengthening of the aerogel network makes both preparation and
use of aerogels more feasible. The increased strength and ablility to make them
hydrophobic increase their environmental stability. In addition, the increased strength
allows ambient pressure drying of the gels, which can not only eliminate the risky and
expensive supercritical drying step but also allows the preparation of larger aerogel
samples.
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2. RESEARCH OBJECTIVES

Since many of the attractive properties of aerogels are due to their porosity, pore
size, and structure, it is important to be able to investigate these properties.
Characteristics of porous materials – such as dimensions, size distribution, shape, and
connectivity – influence fluid transport within the materials. As a result fluid transport
within porous materials is often studied to give insight into these characteristics.

2.1. CONVENTIONAL METHODS
2.1.1. Porosity. Porosity, Φ, is often calculated by using the bulk density, ρb, and
skeletal density, ρs, as shown in Equation 10. The bulk density can be measured by
simply weighing the sample and calculating the volume based on the measured
dimensions. Skeletal density requires the measurement of the volume of the solid
network; this can be done by submerging the sample into a liquid and measuring the
displacement, but this would then require drying the aerogel sample again. Alternatively,
helium pyknometry can be used to measure skeletal density.

Φ=

ଵൗ ିଵൗ
ఘ್
ఘೞ
ଵൗ
ఘ್
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(10)

2.1.2. Pore size. The pore size and structure are analyzed by a variety of
methods. Nitrogen adsorption/desorption according to the Brunauer, Emmet, and Teller
(BET) method is probably the most widely used method to measure the surface area and
pore size distributions in aerogels. Nitrogen adsorption/desorption is said to detect pores
that are accessible to nitrogen [14]. However, while nitrogen can access pores down to
about 0.7 nm, it is estimated to only see pores smaller than 50 nm in diameter [27].
Therefore nitrogen adsorption/desorption should only be used for information regarding
mesoporous materials; it is not expected to be reliable for macroporous materials and can
only access portions of microporous materials. Mercury porosimetry is also a common
method of measuring pore size and volume in porous materials, but the pressures required
for penetration of mercury are likely to damage the aerogel network. Mercury can
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penetrate pores as small as 7 nm with application of a significant amount of pressure, but
it is generally considered only a representative method for macroporous materials [27].
Adsorption/desorption and porosimetry methods require an assumption of pore shape to
relate the results with characteristics such as the pore radius, and they often are only a
measure of the smallest constriction in a pore rather than the average radius [28]. Also,
the pressures required for adsorption/desorption and porosimetry can lead to dilation and
constriction of the pores resulting in false results. Electron microscopy techniques are
often used to study the morphology and can be used to estimate the pore size; however,
the high energy of the electron beam can cause alteration of the sample. In addition, to
gain an adequate representation of the sample a large amount of images must be
processed. Adsorption/ desorption, porosimetry, and electron microscopy all require a
dried sample and are destructive to the sample.
Porous materials may also be analyzed using small-angle scattering techniques.
The combination of small-angle light scattering (SALS) with ultrasmall- and small-angle
X-ray scattering (USAXS and SAXS) methods cover the entire spatial scale of aerogels
(< 1 nm to > 5 µm) [29]. While this combination of techniques is not destructive and not
sensitive to pore connectivity or network effects, none of the methods are widely used for
characterization of porous materials.
No technique can provide complete information about the pore structure, a
combination of methods must be used to gain a true view of the porous structure.
Although technique limitations should be carefully considered, the shortcomings of these
methods are often overlooked in general use. For silica aerogels, nitrogen
adsorption/desorption using the BET method is the most common technique of measuring
the porous surface area. Silica aerogels tend to be predominately mesoporous, but the
microporous and macroporous surfaces are not accurately measured using BET.

2.2. NMR METHODS
NMR is a nondestructive technique that can be used to investigate both static and
dynamic systems [4, 5, 6]. Porous materials may contain micropores, mesopores, and
macropores; generally the NMR technique utilized to characterize each of these is
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different [30]. Differences in chemical shift, relaxation, and diffusion can all be used to
selectively probe systems monitored by NMR.
2.2.1. Porosity. Quantitative NMR analysis of a filling fluid in porous media can
be used to determine the porosity[31]. The signal intensity is proportional to the number
of nuclear spins. The ratio of the signal intensity of the fluid within the pores, Ipore, to the
signal intensity of the bulk liquid, Ibulk, gives a measure of the porosity, as shown in
Equation 11.
ூ
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2.2.2. Pore size. NMR chemical shift arises from different environments. The
varying sizes of pores in porous media would be expected to result in signals with
different chemical shifts. However, the exchange between mesopores and macropores is
generally rapid, resulting in line broadening and difficulty in distinguishing the
differences in environments. In addition, molecules in different parts of the pores feel
different magnetic fields due to magnetic susceptibility differences between the solid and
fluid and the presence of paramagnetic species. The inhomogeneities in the magnetic
field lead to broadening of the resonance line due to varying frequencies. The broad lines
indicate differing environments but cannot easily be correlated to pore characteristics.
Even when the magnetic susceptibility and paramagnetic affects are negligible, relaxation
effects can cause line broadening. Thus chemical shift analysis of NMR spectra is not
sufficient to characterize mesoporous and macroporous materials.
In microporous materials the fluid is essentially always in contact with the
surface, resulting in spectra that are dominated by surface effects. When surface effects
dominate the spectra, chemical shift can be used as a probe for microporous materials.
Information about the pore size of microporous materials is generally obtained from the
chemical shift of 129Xe NMR. In comparison to other filling fluids used to probe porous
materials, xenon is highly polarizable resulting in a high sensitivity to its environment.
The high polarizability leads to a large chemical shift range, between 0 and 250 ppm,
which results in sufficient resolution to distinguish micropores. The chemical shift can be
related to the dimensions of the pores, wall curvature, and surface-to-volume ratio [32].
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NMR relaxation times are sensitive to molecular motion, thus they can be used to
probe the dynamics of molecules [4, 5]. A longer relaxation time indicates greater
mobility whereas a shorter relaxation time indicates restricted mobility. The relationship
between mobility and relaxation time can be used to study porous media by measuring
the relaxation time of a filling fluid. Fluid at the surface of the pores will have a reduced
mobility, resulting in a reduced relaxation time. The reduced relaxation time results from
attraction between the fluid and the surface, which is a short range dipole-dipole
interaction. In addition, paramagnetic sites on the surface can also contribute to the
enhanced relaxation time.
A two-site model is often employed to analyze the relaxation data from fluids
within porous media [30, 31, 33-35]. This model is based on the proposal that the fluid
molecules occupy one of two sites; the fluid molecules are either at the surface of the
pores or within the pore. The fluid molecules at each site have a different relaxation time;
the molecules at the pore surface will have an enhanced relaxation time and the
molecules within the pore will have a relaxation time similar to bulk liquid. The observed
relaxation time, T, is related to the relaxation time of the molecules at the pore surface,
TS, and the molecules within the pores, TB, as shown in Equation 12. The rate of
relaxation observed is a weighted average of the relaxation rates of the molecules at each
of these sites, where x is the fraction of molecules at the pore surface.
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The fraction of molecules at the surface is directly related to the surface-tovolume ratio, S/V, and the thickness of the surface layer, ∆. Substituting this relationship
into Equation 12 reveals a correlation between the observed relaxation time and the pore
structure as shown in Equation 13. A further simplification to Equation 13 is made by
considering the thickness of the surface layer and the difference in the relaxation rates of
the two sites as a function of the surface. The product of the surface layer thickness and
the difference in the relaxation rates between the surface and the bulk are combined into
one parameter called the surface relaxivity parameter, ρ, as shown in Equation 14. The
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surface relaxivity parameter has units of velocity and is a measure of the rate at which the
nonequilibrium magnetization leaves the molecules near the surface.
ଵ
்

=

ଵ
்ಳ

ଵ
்

+

=

ௌ

ଵ



்ೄ

ଵ

+

்ಳ

−

ଵ
்ಳ

ௌ

(13)

(14)



In some instances the relaxation time of the bulk liquid is much greater than the
liquid in the porous media. If the bulk relaxation time is much larger than the relaxation
time at the surface sites then the relaxation rate of the bulk fluid is not significant and the
observed relaxation rate can be directly related to the surface to volume ratio as shown in
Equation 15. However, the simplification of removing the bulk relaxation rate from
Equation 14 is generally only true for materials with pore sizes smaller than 5 nm [33] or
materials with a high paramagnetic content.
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The surface-to-volume ratio can be correlated to a pore dimension if the pore
shape is assumed, for instance, the pore radius if a spherical pore shape is assumed.
Generally the interest in the pore size is related to the transport properties instead of the
specific shapes of the pores, so the volume-to-surface ratio is sometimes considered to be
a measure of the hydraulic radius [33]. Substituting this into Equation 14 gives an
expression relating the observed relaxation rate to the hydraulic radius, rh, as shown in
Equation 16.
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Further modifications have been made to the two-site model incorporating
differences due to the wettability of the liquid and the size of the pores. The wettability of
a liquid is the measure of affinity of the porous material to one liquid over another. The
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expression given in Equation 16 is generally considered to be applicable for wetting
liquids down to a pore radius of 1.8 nm [30]. However, for nonwetting liquids significant
deviations are observed with pore radii of less than 3 nm. Equation 17 incorporates an
additional term to account for the deviation, where c is a constant, a is the relaxation rate
of the bulk fluid (1/TB), and b is the surface relaxivity. In this relationship a is purely a
function of the fluid, temperature, and magnetic field, whereas b is has additional
contributions from the surface chemistry and c is related to geometrical factors.
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If diffusion within a pore is not rapid, then more than one relaxation time would
be observed for the pore and values would depend on the detailed pore geometry and not
just the surface-to-volume ratio. If the rate of pore coupling is fast, the sample will
experience uniform magnetization behavior and the observation of a single relaxation
time related to the surface-to-volume ratio of the entire sample instead of relaxation times
related to the individual pores. In general, for pore sizes less than 1 µm there will be one
relaxation time observed [34].
The above equations were presented in a generic form including an observed
relaxation time, T. Equations 12-17 are generally presented as being applicable to both
spin-lattice relaxation time, T1, and spin-spin relaxation time, T2. However, caution
should be taken when using them for spin-spin relaxation, because the T2 relaxation time
is greatly affected by diffusion of the molecules in the presence of local magnetic field
gradients [30]. To obtain accurate T2 values in the presence of local gradients, short echo
spacings and a low magnetic field should be used. Otherwise, the two-site model must be
modified by adding a term to account for effect of the diffusion within the local magnetic
field gradients [35]. The addition of diffusion measurements yields more confidence in
understanding the pore structure, but significantly increases the difficulty of analysis
required. Some authors disagree to the use of T1 as a probe of pore characteristics because
the spin-lattice relaxation time does not reveal information about tortuosity or
connectivity [36]. The tortuosity is used to relate the actual distance traveled by a
molecule to the net distance traveled.
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The two-site model is considered to be a fair representation, but one must be
cautious of the limitations of the model. Knowledge of the surface relaxivity parameter is
required to relate the observed relaxation time with pore characteristics. The surface
relaxivity is generally assumed to be constant for a particular sample. Sometimes the
surface relaxivity of different materials are considered to be similar enough so that NMR
relaxation measurements can be used for estimates of surface-to-volume ratios [37].
Alternatively, an independent measurement of the surface-to-volume ratio can be used to
determine the surface relaxivity, but the result will vary depending on the technique used
to measure the surface-to-volume ratio due to the differing sensitivities of different length
scales. Equation 18 illustrates a common method used to calculate the surface-to-volume
ratio based on independent measurements of porosity, specific surface area, SS, and bulk
density, ρb.
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Some considerations must be taken when using the two-site model. The model
assumes diffusion within a pore is rapid and assumes that diffusion between pores of
different dimensions is slow. If diffusion within a pore is slow then a distribution of
relaxation times will be observed and the mathematical analysis can become problematic.
Magnetic susceptibility differences between the fluid and solid phase can also complicate
the analysis of spin-spin relaxation. The nature of the surface has been shown to affect
the relaxation times [28, 34] and must be taken into consideration when interpreting
results. As can be seen in Equation 14, changes in the surface area and the surface
relaxivity have an equal potential to affect the observed relaxation time. A reduction in
the surface roughness and an increase in the paramagnetic sites on the surface have been
studied using the sorption of oil [35]. The reduction of surface roughness will directly
affect the surface-to-volume ratio, and the increase in paramagnetic sites will increase the
surface relaxivity. Additional concerns towards using the two-site model as a general tool
include the effect of pore shape and how to correct for the volume of the surface layer
when studying small pores [28].
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The above studies of pore filling fluid are often done at room temperature with
one filling fluid. Monitoring the relaxation time at different temperatures and relaxation
studies with more than one filling fluid have also been explored. The freezing point of a
liquid inside of a porous solid is lower than that of bulk liquid. The frozen fluid will have
a short relaxation time that can be easily eliminated and the NMR peak area from the
liquid fluid can be analyzed as a function of temperature. Temperature studies in porous
materials are only appropriate for mesoporous materials. When the pore size becomes too
small the strong adsorption at the surface has a large effect which is difficult to model
[30]. In addition, the use of two immiscible fluid phases has also been used to
characterize porous materials [38]. Analysis of NMR relaxation as a function of the
mixing ratio can help to focus on the surface layer and the bulk pore fluid individually if
one has a strong affinity for the pore surface compared to the other. Furthermore, it may
be possible to selectively probe one of the liquids based on chemical shift or relaxation
differences.
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3. MATERIALS AND METHODS

3.1. AEROGEL SAMPLES
Both native and polymer crosslinked silica aerogels were analyzed using NMR.
Native silica aerogels were synthesized directly in 5 mm NMR tubes. The crosslinked
aerogels were machined to fit snuggly into the bottom of standard 5 mm NMR tubes. The
gels were then placed in tubes filled with a mixture of acetone and deuterated acetone
(acetone-d6). Thus the void space in the aerogels was filled with solvent, resulting in a
saturated gel in the bottom half of the measuring area and bulk solvent in the top half of
the measuring area, as illustrated in Figure 3.1.

Figure 3.1. Silica aerogel submerged in acetone in 5 mm NMR tube

The samples analyzed are listed in Table 3.1, including the abbreviation and
composition. The gels were synthesized by acid or base catalysis, as indicated. Basecatalyzed gels were prepared by mixing a solution of methanol and ammonium hydroxide
with a solution of methanol and TMOS. Acid-catalyzed gels were prepared from a
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solution of methanol, potassium hydrogen pthalate, and hydrochloric acid mixed with a
solution of methanol and TMOS. The crosslinking agents include diisocyanate,
methylmethacrylate, and styrene, where X indicates gels crosslinked with diisocyanate.
All of the aerogels labeled with MP4 were templated using 4 g Pluronic P123 [20]. TMB
was used as a swelling agent for some of the templated samples as indicated by the T in
the abbreviation, with the amount of swelling agent given in Table 3.1.

Table 3.1. Aerogel samples analyzed with NMR
Abbreviation
BC
X-BC
AC
X-AC
MP4
X-MP4
MP4-T045
X-MP4-T045
MP4-T065
X-MP4-T065
MP4-T200
MP4-T310
X-MP4-T310
Si-AIBN
50% MMA
50% styrene
75% styrene

Composition
Native base catalyzed silica aerogel
Base catalyzed silica aerogel crosslinked with diisocyanate
Native acid catalyzed silica aerogel
Acid catalyzed silica aerogel crosslinked with diisocyanate
Native acid catalyzed silica aerogel prepared with 4 g Pluronic
P123
Acid catalyzed silica aerogel prepared with 4 g Pluronic P123
and crosslinked with diisocyanate
Native acid catalyzed silica aerogel prepared with 4 g Pluronic
P123 and 0.45 g TMB
Acid catalyzed silica aerogel prepared with 4 g Pluronic P123,
0.45 g TMB, and crosslinked with diisocyanate
Native acid catalyzed silica aerogel prepared with 4 g Pluronic
P123 and 0.65 g TMB
Acid catalyzed silica aerogel prepared with 4 g Pluronic P123,
0.65 g TMB, and crosslinked with diisocyanate
Native acid catalyzed silica aerogel prepared with 4 g Pluronic
P123 and 2.00 g TMB
Native acid catalyzed silica aerogel prepared with 4 g Pluronic
P123 and 3.10 g TMB
Acid catalyzed silica aerogel prepared with 4 g Pluronic P123,
3.10 g TMB, and crosslinked with diisocyanate
Native base catalyzed silica aerogel with AIBN surface
modification
Base catalyzed silica aerogel with AIBN surface modification
crosslinked with 50% MMA
Base catalyzed silica aerogel with AIBN surface modification
crosslinked with 50% styrene
Base catalyzed silica aerogel with AIBN surface modification
crosslinked with 75% styrene
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3.2. MATERIALS AND INSTRUMENTATION
The aerogel samples were machined using a Proxxon PD 230/E micro lathe. The
acetone used was HPLC grade; it was purchased from Fisher Scientific and used without
purification. Acetone-d6 (99.9% deuterium) was purchased from Cambridge Isotope
Laboratories. NMR tubes were obtained from Norell, all having a 5 mm diameter and a
minimum grade of 300 MHz or higher. A 200 MHz, 89 mm wide-bore Bruker Avance
NMR Spectrometer was used to analyze the aerogel samples.
3.3. RELAXATION MEASUREMENTS
Relaxation times for both the bulk solvent above the aerogel and for the solvent
within the aerogel were measured simultaneously. The NMR measurements were done
using a gradient-recalled echo technique to obtain T1- and T2-weighted profiles. The
profiles were then analyzed to obtain independent relaxation times for the bulk solvent
and the solvent within the pores.
3.3.1. Relaxation-Weighted Profiling. A gradient-recalled echo technique was
used to obtain T1- and T2-weighted profiles. This was done using the respective relaxation
pulse sequence integrated with a standard gradient-recalled echo imaging sequence. An
imaging technique was chosen to allow simultaneous acquisition of the bulk fluid and the
pore filling fluid. The gradient pulse used creates a linear magnetic field gradient along
the direction of B0 (the z-axis) [1, 39, 40]. As a result the spins experience different field
strengths depending on their position along the z-axis. Since the precession frequency is
directly proportional to the strength of the applied field, the spins exposed to a higher
magnetic field will precess at a higher frequency and the spins exposed to a lower
magnetic field will precess at a lower frequency. Thus, during the application of a
gradient pulse the precession frequency of each spin is directly related to its position
along the z-axis. After the gradient pulse is turned off, all of the spins return to precession
at the Larmor frequency. However, the magnetic moments of the spins will be phase
shifted as a result of the gradient pulse. Figure 3.2 diagrams the resulting magnetic
moments after a gradient pulse.
Proper application of gradient pulses can result in either frequency or phase
encoding of the magnetic moments with respect to their location along the z-axis [4, 39,
40]. If frequency encoding is desired the gradient pulse should be executed during the

30
signal acquisition. Application of a gradient pulse before signal acquisition will result in
phase encoding. Both techniques can be utilized for imaging purposes; our images were
obtained through a frequency encoding method.

Figure 3.2. Resulting magnetic moments after a gradient pulse

3.3.2. Transverse Relaxation Profiles. T2-weighted relaxation profiles were
acquired using a combination of a Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse
sequence [5, 10] and a gradient-recalled echo imaging technique. Figure 3.3 diagrams the
pulse sequence and the fate of the magnetization throughout the experiment.
The initial delay, d1, allows time for the spin system to reach thermal equilibrium.
After the 90˚x pulse the net magnetization is directed along the y-axis. During the delay, τ,
the spins begin to relax and dephase. A 180˚y pulse followed by a second delay, τ, is
applied to refocus the spins. A constant gradient pulse is then applied for a time equal to
the delay d2 which causes the spins to precess at a frequency dependent on their location
along the z-axis. After the gradient pulse the spins return to precession at the Larmor
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frequency but are phase shifted do to the gradient pulse. A 180˚y pulse then rotates the
spins about the y-axis. The 180˚y pulse is surrounded by short delays of d3 to allow for
electronics switching. A second gradient pulse is then applied at a delay time of d4 before
the acquisition of the FID begins. Due to the 180˚y pulse the spins that were exposed to
the higher magnetic field during the first gradient pulse are now exposed to a lower
magnetic field, thus precess at a lower frequency. Similarly, the spins that were exposed
to the lower magnetic field during the first gradient pulse are now exposed to a higher
magnetic field, thus precess at a higher frequency. The change in the experienced
magnetic field results in a refocusing echo of the spins during the gradient pulse. The
signal is acquired during this echo.

Figure 3.3. CPMG spin-echo T2-weighted profile pulse sequence and corresponding fate
of magnetization throughout the experiment
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In the pulse sequence shown in Figure 3.3, the gradient pulse is applied during the
signal acquisition. Applying a gradient pulse during signal acquisition leads to spin
frequencies that correspond to the position along the z-axis. Therefore, the frequency
spectrum is actually a profile along the z-axis.
3.3.3. Longitudinal Relaxation Profiles. T1-weighted relaxation profiles were
acquired using two methods. The first included an inversion-recovery pulse sequence and
the second method used a saturation recovery pulse sequence. Similar to the T2-weighted
profiles, both pulse sequences were integrated with a gradient-recalled echo imaging
technique. Figure 3.4 illustrates the pulse sequence and the resulting magnetization
throughout the sequence for the inversion recovery method.

Figure 3.4. Inversion recovery T1-weighted profile sequence with corresponding
magnetization throughout the experiment
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The pulse sequence begins as a standard inversion-recovery pulse sequence. First
is a time delay, d1, which is sufficient time for the spin system to reach thermal
equilibrium. A 180˚x pulse is applied to invert the magnetization, followed by a delay to
allow for relaxation. A 90˚x pulse is applied to rotate the magnetization into the transverse
plane for observation. In contrast to a standard inversion-recovery pulse sequence, the
signal is not immediately observed after moving the magnetization into the transverse
plane. Analogous to the procedure used for the T2-weighted relaxation profile, gradients
are used to produce a T1-weighted relaxation profile. The combination of gradient and
180˚y pulses results in a spectrum in which the precession frequency depends on the
location along the z-axis.
Using an inversion-recovery pulse sequence, the signal will start out as a negative
(inverted) signal at short delay times. As the delay time is increased, the signal will
become less negative. At an intermediate delay time the signal will become zero. Upon
increasing the delay time further, the signal will become positive (recover) until it reaches
equilibrium. To obtain the T1-weighted profile, a magnitude calculation must be
performed on the data to remove the phase encoding. The magnitude calculation results
in all positive signals, which leads to difficulty in analyzing the data. Before the T1
relaxation times can be calculated from the data, the signals must be manually converted
to negative signals where appropriate.
An alternative to using the inversion-recovery pulse sequence to measure T1
relaxation times is to use a saturation-recovery pulse sequence. Using a saturationrecovery pulse sequence solves the problem caused by the magnitude calculation,
because all of the resulting signals from this pulse sequence are positive. Like the
previous pulse sequences, a standard 1D imaging pulse sequence was added to the
saturation-recovery pulse sequence to obtain T1-weighted profiles. The pulse sequence is
shown in Figure 3.5. An additional benefit to using the saturation-recovery pulse
sequence is that only a short delay is required between each scan. Normally, there must
be a long enough delay between the scans to allow the signal to fully relax before the
next scan, but a saturation-recovery pulse sequence begins by saturating the signal which
eliminates the need for full relaxation between the scans. An initial delay is still included
because short delay is necessary to allow electronics switching.
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Figure 3.5. Saturation recovery T1-weighted profile sequence with corresponding
magnetization throughout the experiment

The pulse sequence begins exactly as a standard saturation-recovery pulse
sequence. After the initial time delay, d1, a pulse train is applied to saturate the
magnetization. After a delay, τ, to allow for relaxation, a 90˚x pulse is applied to rotate the
magnetization into the transverse plane for observation. Then gradients are used to
produce a T1-weighted relaxation profile in which the precession frequency depends on
the location along the z-axis.
The saturation-recovery pulse sequence shown in Figure 3.5 was modified further
for some of the polymer crosslinked aerogels. The intent of the experiment was to
measure the T1 relaxation of the solvent within the aerogel and the bulk solvent above the
aerogel. However, the protons in the crosslinking polymers may also be detected with the
original pulse sequences. The addition of the two relaxing signals results in a total signal
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with a relaxation time that is a weighted average of the relaxation times of each
component. Figure 3.6 shows plots of two scenarios, in the top plot a case where the
amount of signal from the polymer is comparable to the amount of signal from the pore
liquid, and in the bottom plot in which the amount of signal from the polymer is very
small compared to the amount of signal from the pore liquid. In cases where the amount
of signal from the polymer is significant, the relaxation time calculated will be shortened
due to the addition of the faster relaxing polymer signal.

Figure 3.6. Comparison of polymer T1 relaxation, pore liquid T1 relaxation, and the
resulting total T1 relaxation
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The T1 relaxation times of the polymer signal and the pore liquid were too close to
be able to selectively eliminate the polymer signal using T1 relaxation. However, the T2
relaxation times of the polymer signal and the pore liquid, about 1 ms and 25 ms
respectively, are sufficiently different to allow for selective elimination of the polymer
signal by T2 relaxation. Figure 3.7 shows a plot comparing the T2 relaxation of the
polymer signal and the pore liquid. Inserting a delay after the magnetization is returned to
the transverse plane allows for the polymer signal to be selectively removed. The gray
area in Figure 3.7 represents the delay necessary to remove the polymer signal. The T2
relaxation delay is added between the 90˚x pulse and the gradient pulse in the sequence
shown in Figure 3.5. The additional delay allows the polymer signal to fully relax before
acquiring the signal from the pore liquid, thus allowing analysis of the pore liquid
relaxation without interference of the polymer signal.

Figure 3.7. Comparison of polymer T2 relaxation and pore liquid T2 relaxation
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4. RESULTS AND DISCUSSION

4.1. TRANSVERSE RELAXATION RESULTS
T2-weighted relaxation profiles were obtained for isocyanate crosslinked base
catalyzed aerogels (X-BC). At the top of Figure 4.1 there is a set of X-BC T2-weighted
relaxation profiles obtained at various relaxation delays. The left side of the profile is the
signal from the acetone within the aerogel, and the right side of the profile is the signal
from the bulk acetone. Corresponding points from each profile were fitted to an
exponential decay to find the T2 relaxation of acetone within the aerogel and within the
bulk fluid. The bottom of Figure 4.1 is a plot of the T2 relaxation time of acetone at points
along the profile of the aerogel and bulk liquid. The relaxation time of the acetone signal
within the aerogel was found to be 0.025 ± 0.001 s and the relaxation time of the bulk
acetone signal was found to be 5.742 ± 0.006 s.

Figure 4.1. T2-weighted relaxation profiles and the corresponding T2 relaxation times of
acetone within an isocyanate crosslinked base catalyzed silica aerogel and bulk acetone
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Our goal was to compare the relaxation times within the aerogels to the pore sizes
of the aerogels. However, the short relaxation time of the solvent signal within the
aerogel leaves little room for variation in T2 relaxation times. The small dynamic range of
spin-spin relaxation time limits the usefulness of T2 relaxation times for aerogel analysis.
Therefore, T2 relaxation times were not obtained for all of the aerogel samples.

4.2. LONGITUDINAL RELAXATION RESULTS
T1-weighted relaxation profiles were obtained for all of the aerogel samples. The
T1-weighted profiles and corresponding T1 relaxation times of acetone within a native
base catalyzed silica aerogel (native BC) and bulk acetone can be seen in Figure 4.2.

Figure 4.2. T1-weighted relaxation profiles and the corresponding T1 relaxation times of
acetone within a native base catalyzed silica aerogel and bulk acetone
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The initial signal intensity within the native base catalyzed aerogel and in the bulk
is nearly equal due to the high porosity of the aerogel. The native silica aerogels are
essentially porous glass, thus the pore surfaces were not expected to significantly enhance
the relaxation time of the pore liquid. The relaxation time of the acetone signal within the
aerogel was determined to be 6.34 ± 0.05 s and the relaxation time of the bulk acetone
signal was determined to be 7.0 ± 0.1 s. The T1 relaxation times of the pore liquid and the
bulk liquid were reasonably close.
Figure 4.3 shows a set of T1-weighted profiles and the corresponding T1 relaxation
times from an isocyanate crosslinked base catalyzed silica aerogel (X-BC).

Figure 4.3. T1-weighted relaxation profiles and the corresponding T1 relaxation times of
acetone within an isocyanate crosslinked base catalyzed silica aerogel and bulk acetone
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The initial signal intensity within the isocyanate crosslinked base catalyzed
aerogel is significantly lower than the signal intensity of the bulk; this is due to the
additional space occupied by the crosslinking polymer. The relaxation time of the acetone
signal within the aerogel was determined to be 1.18 ± 0.01 s and the relaxation time of
the bulk acetone signal was determined to be 5.74 ± 0.01 s. The significant difference
between the T1 relaxation time of the pore liquid and the bulk liquid is largely due to the
polymer crosslinking on the surface of the pores. The polymer layer causes an increase in
the dipole-dipole interactions, resulting in a shorter T1 relaxation time.
All of the isocyanate crosslinked silica aerogels were analyzed using the standard
saturation-recovery pulse sequence with the gradient recalled echo imaging sequence.
The aerogels crosslinked with methyl methacrylate (MMA) and styrene were found to
have a significant amount of proton signal from the polymer. Figure 4.4 shows a set of
T1-weighted profiles and corresponding T1 relaxation times for a silica aerogel
crosslinked with 50 % MMA. The relaxation time of the acetone signal within the aerogel
was found to be 1.53 ± 0.01 s and the relaxation time of the bulk acetone signal was
found to be 6.51 ± 0.02 s. The fully relaxed profile shows a higher total signal within the
aerogel than in the bulk solvent, indicating that more than just the solvent signal is being
observed. If there was only solvent signal then there would be more signal in the bulk
area, because the aerogel must take up some space reducing the amount of solvent in the
region occupied by the aerogel.
Polymers generally have a very short relaxation time compared to small
molecules. The short relaxation time can be selectively removed so that only the acetone
relaxation is observed. An additional delay was added before the imaging sequence to
allow time for the polymer to completely relax. After the delay time there is still
sufficient remaining signal from the acetone to extract the relaxation time.
A set of T1-weighted profiles and corresponding T1 relaxation times for a silica
aerogel crosslinked with 50 % MMA is shown in Figure 4.5. The T1-weighted relaxation
profiles in Figure 4.5 were collected using the modified pulse sequence including a delay
to allow full relaxation of the polymer signal. As expected, the fully relaxed signal is
greater for the bulk acetone than for the acetone within the aerogel. The relaxation time
of the acetone signal within the aerogel was determined to be 3.87 ± 0.01 s and the
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relaxation time of the bulk acetone signal was determined to be 6.30 ± 0.02 s. There is
still a sufficient enhancement of the T1 relaxation time of the pore liquid as compared to
the bulk liquid. Relaxation time enhancement is expected due to the increased dipoledipole interaction between the liquid and the pore surface. The relaxation enhancement
within the MMA crosslinked aerogel is less than the enhancement within the isocyanate
crosslinked aerogels. The decreased effect seems reasonable considering that the MMA
crosslinking should be less polar than the isocyanate crosslinking. In addition, the
isocyanate crosslinking is a stiffer crosslinking than the MMA crosslinkings. The less
mobile isocyanate crosslinking should also enhance the relaxation time.

Figure 4.4. T1-weighted relaxation profiles and the corresponding T1 relaxation times of
bulk acetone and acetone within a base catalyzed silica aerogel crosslinked with methyl
methacrylate obtained without an additional delay for polymer relaxation
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Figure 4.5. T1-weighted relaxation profiles and the corresponding T1 relaxation times of
bulk acetone and acetone within a base catalyzed silica aerogel crosslinked with methyl
methacrylate obtained with an additional 5 ms delay for polymer relaxation

Table 4.1 displays the T1 relaxation times obtained for acetone contained in each
aerogel and the bulk acetone above each aerogel. The bulk acetone relaxation times
should remain constant, but as shown in Table 4.1 they vary from about 5.5 s to 7 s.
Relaxation times can vary due to factors such as temperature and the calibration of
radiofrequency pulses [6, 9].
The T1 relaxation times given in Table 4.1 were normalized to account for
variations and to obtain values that are valid for comparison between the samples. The T1
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relaxation times were normalized to a bulk acetone relaxation time of 6.25 s, the
normalized T1 relaxation times of the acetone within the aerogels are given in Table 4.2.

Table 4.1. T1 relaxation times of bulk acetone and acetone within aerogel samples
Bulk Acetone

Pore Acetone

Relaxation Time (s)

Relaxation Time (s)

7.0 ± 0.1

6.34 ± 0.05

X-BC

5.74 ± 0.01

1.18 ± 0.01

AC

6.38 ± 0.06

4.77 ± 0.07

X-AC

6.50 ± 0.01

1.17 ± 0.01

MP4

6.36 ± 0.01

2.26 ± 0.01

X-MP4

6.03 ± 0.01

1.08 ± 0.06

MP4-T045

6.56 ± 0.06

4.39 ± 0.03

X-MP4-T045

5.87 ± 0.04

1.01 ± 0.06

MP4-T065

6.25 ± 0.01

1.74 ± 0.01

5.8 ± 0.1

0.90 ± 0.03

MP4-T200

5.52 ± 0.04

4.19 ± 0.01

MP4-T310

6.21 ± 0.01

2.82 ± 0.01

X-MP4-T310

6.68 ± 0.01

0.76 ± 0.01

6.2 ± 0.1

5.25 ± 0.06

50% MMA

6.30 ± 0.02

3.87 ± 0.01

50% styrene

6.09 ± 0.01

3.76 ± 0.01

75% styrene

6.50 ± 0.01

3.64 ± 0.01

Aerogel
BC

X-MP4-T065

Si-AIBN

The pore sizes and structure of the native base catalyzed aerogels, BC and SiAIBN, are similar; both consist of a particulate structure with mesopores. The difference
between the BC and Si-AIBN aerogels is the surface functionality. The BC aerogel has a
hydroxyl surface functionality and the Si-AIBN aerogel has a bistriethoxysilane
derivative of azobisisobutyronitrile (AIBN) incorporated on the surface. The AIBN
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surface modification does not have a significant impact on the pore size or morphology of
the aerogel, but it does increase the interaction of the pore liquid with the surface of the
gel. This increase in surface interaction causes a slight decrease in the T1 relaxation time
due to the reduced mobility of the acetone.

Table 4.2. Normalized T1 relaxation times of bulk acetone and acetone within aerogels
Normalized Pore Liquid
Aerogel

Relaxation Time (s)

BC

5.67 ± 0.05

X-BC

1.28 ± 0.01

AC

4.68 ± 0.06

X-AC

1.13 ± 0.01

MP4

2.22 ± 0.01

X-MP4

1.12 ± 0.06

MP4-T045

4.20 ± 0.07

X-MP4-T045

1.08 ± 0.07

MP4-T065

1.74 ± 0.01

X-MP4-T065

0.97 ± 0.01

MP4-T200

4.76 ± 0.03

MP4-T310

2.84 ± 0.01

X-MP4-T310

0.71 ± 0.01

Si-AIBN

5.29 ± 0.06

50% MMA

3.84 ± 0.02

50% styrene

3.86 ± 0.01

75% styrene

3.50 ± 0.01

The native acid catalyzed aerogel (AC) has hydroxyl groups on the surface and a
fibrous silica network with both mesopores and micropores. In addition to the relaxation
enhancement due to the surface hydroxyl groups, the increased surface area due to the
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micropores leads to a T1 relaxation time that is shorter than both BC and Si-AIBN
aerogels.
The T1 relaxation times of the isocyanate crosslinked acid and base catalyzed
aerogels, X-AC and X-BC, are significantly lower than the T1 relaxation times of the
native samples. The shortened relaxation time is due to the increased interaction of the
pore liquid with the surface of the pores. Although the relaxation times of X-AC and XBC are close, the change in the relaxation time of the base catalyzed sample was larger
than that of the acid catalyzed sample. The native base catalyzed aerogels consists of a
particulate structure with mesopores. The polymer crosslinking on the base catalyzed
aerogel forms a layer onto the particulate structure and the mesoporous structure is
retained. The acid catalyzed aerogel consists of a fibrous network with both mesopores
and micropores. Polymer crosslinking on the acid catalyzed aerogels forms a coating on
the fibers but fills the micropores in the process. The crosslinking results in significantly
decreasing the available surface area for interaction in the acid catalyzed aerogel. The
larger decrease in surface area for crosslinked acid catalyzed aerogels compared to the
decrease in surface area for crosslinked base catalyzed aerogels results in a lower impact
on the relaxation enhancement.
The aerogels crosslinked with methylmethacrylate and styrene all have shorter
relaxation times than the native Si-AIBN aerogel from which they were prepared. The
decreased relaxation time indicates an increased interaction of the pore liquid with the
surface of the aerogel after crosslinking. In comparison to the T1 relaxation time of the
isocyanate crosslinked aerogels, the T1 relaxation times of the MMA and styrene
crosslinked aerogels is longer than for the isocyanate crosslinked aerogels. The main
factor is likely the polarity difference between the polymers. The aerogels crosslinked
with MMA and styrene are much less polar than the aerogels crosslinked with isocyanate.
An additional factor that could affect the relaxation times is the flexibility of the
crosslinking polymer. The isocyanate crosslinking is much more rigid than the MMA and
styrene crosslinking. Relaxation times are related to the mobility of molecules, the less
mobile a molecule is the shorter the relaxation time. Therefore, the pore liquid interacting
with the less mobile isocyanate crosslinking should relax faster than the pore liquid
interacting with the more mobile MMA and styrene crosslinking.
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Considering the results of the acid and base catalyzed aerogels, native and
isocyanate crosslinked, it is not a surprise that the T1 relaxation time of all of the MP4
aerogels decreases significantly when crosslinked with isocyanate. All of the MP4
aerogels are prepared with a templating agent and with varying amounts of a swelling
agent. The amounts of the templating and swelling agent for each aerogel can be found in
Table 3.1. An increase in the amount of swelling agent seems to indicate that the pores
would be larger and there would be less relaxation enhancement, but the amount of
swelling agent is not strictly related to the pore size. The native MP4, MP4-T065, and
MP4-T310 aerogels all have mesopores and macropores, whereas the native MP4-T045
and MP4-T200 aerogels only have macropores. Due to the combination of macropores
and mesopores, the native MP4, MP4-T065, and MP4-T310 aerogels should have higher
surface areas than the MP4-T045 and MP4-T200 aerogels which contain only
macropores. Although the surface nature of all of the native MP4 aerogels should be
comparable, the difference in available surface area for the pore liquid to interact is
different. The higher available surface area of the MP4, MP4-T065, and MP4-T310
aerogels leads to shorter relaxation times than the MP4-T045 and MP4-T200 aerogels.

4.3. POROSITY
The porosity of an aerogel is generally calculated from the bulk and skeletal
density of the gel, as shown in Equation 10. However, the porosity can also be
determined from NMR intensities of the bulk fluid and pore fluid as shown in Equation
11. Table 4.3 lists the pore and bulk intensities for each gel and the porosities calculated
from these measurements.
The porosities of the native base catalyzed aerogels, BC and Si-AIBN, are similar,
both are highly mesoporous and the AIBN surface modification does not have an effect
on the porosity. Although the native acid catalyzed aerogel, AC, contains micropores and
mesopores, the overall porosity is comparable to the native base catalyzed aerogels. The
porosity of the isocyanate crosslinked aerogels, X-AC and X-BC, are also comparable,
although the porosities are reduced significantly compared to the native aerogels. The
large change in porosity due to isocyanate crosslinking seems contrary to the explanation
that crosslinking results in a thin conformal coating of polymer. However, the MMA and
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styrene crosslinking seems to fit more reasonably to the thin conformal layer explanation,
where the MMA and styrene crosslinked aerogels only have a reduction in porosity of
about 15 % as opposed to the 45-50 % change in porosity after isocyanate crosslinking.

Table 4.3. Porosities calculated from NMR Intensities of pore fluid and bulk fluid
Pore Fluid

Bulk Fluid

Intensity

Intensity

Porosity (%)

BC

573,000 ± 1,000

621,000 ± 14,000

92.3

X-BC

470,000 ± 8,000

1,018,000 ± 7,000

46.2

AC

451,000 ± 9,000

485,000 ± 10,000

92.9

X-AC

454,000 ± 10,000

1,075,000 ± 9,000

42.3

MP4

318,000 ± 6,000

485,000 ± 3,000

65.6

X-MP4

339,000 ± 77,000

699,000 ± 190,000

48.5

MP4-T045

600,000 ± 29,000

650,000 ± 59,000

92.4

X-MP4-T045

264,000 ± 76,000

669,000 ± 210,000

39.4

MP4-T065

285,000 ± 12,000

473,000 ± 5,000

60.3

X-MP4-T065

341,000 ± 3,000

1,073,000 ± 12,000

31.8

MP4-T200

591,000 ± 25,000

611,000 ± 17,000

96.7

MP4-T310

344,000 ± 10,000

450,000 ± 6,000

76.3

X-MP4-T310

150,000 ± 12,000

455,000 ± 5,000

33.0

Si-AIBN

538,000 ± 25,000

569,000 ± 45,000

94.6

50% MMA

307,000 ± 53,000

377,000 ± 3,000

81.3

50% styrene

343,000 ± 28,000

428,000 ± 5,000

79.9

75% styrene

313,000 ± 68,000

401,000 ± 11,000

77.9

Aerogel

The native MP4-T045 and MP4-T200 aerogels are macroporous aerogels and
have very high porosities. The MP4-T200 aerogel is prepared using more swelling agent,
and does have a slightly higher porosity. The native MP4, MP4-T065, and MP4-T310 all
have mesopores and macropores. The native MP4, MP4-T065, and MP4-T310 have
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lower porosities than the templated gels with only macropores. However, as with the
macroporous gels, an increase in the amount of swelling agent also increases the porosity.
Similar to the native AC and BC, all of the templated aerogels have a significant decrease
in porosity after crosslinking with isocyanate. Again, the significant change in porosity
after crosslinking conflicts with the explanation that a thin conformal layer of polymer is
added by crosslinking.

4.4. PORE SIZE
Pore size is related to the surface-to-volume ratio of a porous material. The
surface areas of several of the aerogels were measured using nitrogen adsorption/
desorption using the BET method. BET surface areas were not available for the X-BC,
MP4-T065, X-MP4-T065, and MP4-T200 aerogels. The surface area of a porous material
along with the bulk density and porosity can be used to calculate the surface-to-volume
ratio as shown in Equation 18. The surface-to-volume ratios of several of the aerogels
were calculated and are listed in Table 4.4.
A pore shape must be assumed in order to relate the surface-to-volume ratio to a
pore size. A spherical shape is often assumed and the pore radius is calculated. The pore
size is generally of interest as related to the transport of fluids in porous media. The
specific shape of the pore is not critical when studying the transport of fluid within
porous media. The transport of fluid within porous media is instead generally related to
the hydraulic radius of the porous media. The hydraulic radius is equal to the volume-tosurface ratio, or the inverse of the surface-to-volume ratio. The relationship between the
hydraulic radius and the surface-to-volume ratio can be extracted from the combination
of Equations 14 and 16. The hydraulic radius of each aerogel was determined from each
surface-to-volume ratio and are shown in Table 4.5.
Although the hydraulic radii calculated for the native AC and BC fall into the
macroporous range, the radii are relatively close to the expected mesoporous range. Also,
the AC aerogel is smaller as expected considering the micropores that would reduce the
average radius of the aerogel. The radius of the Si-AIBN aerogel is found to be
significantly higher than the BC aerogel, although the radii of the Si-AIBN and BC
aerogels are expected to be comparable. The radius of the X-AC aerogel is found to be
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much smaller than the native AC aerogel. The X-AC aerogel is expected to retain its
mesopores after crosslinking, but both the low porosity and the low hydraulic radius
suggest otherwise.

Table 4.4. BET surface areas and surface-to-volume ratios
(*BET surface areas and bulk densities were measured by Sudhir Mulik)
Aerogel
BC

Bulk Density*

BET Surface Area*

Surface-to-Volume

(g/cm3)

(m2/g)

Ratio (nm-1)

0.169 ± 0.004

997

0.0141

-

-

X-BC
AC

0.331 ± 0.008

714

0.0180

X-AC

0.522 ± 0.004

109

0.0778

MP4

0.299 ± 0.003

563

0.0882

X-MP4

0.755 ± 0.017

5.36

0.00430

MP4-T045

0.367 ± 0.003

612

0.0185

X-MP4-T045

0.663 ± 0.006

2.96

0.00301

MP4-T065

-

-

X-MP4-T065

-

-

MP4-T200

-

-

MP4-T310

0.189 ± 0.003

554

0.0324

X-MP4-T310

0.584 ± 0.003

1.31

0.00155

Si-AIBN

0.189 ± 0.005

973

0.0105

50% MMA

0.807 ± 0.047

46.05

0.00855

50% styrene

0.325 ± 0.008

183.4

0.0150

75% styrene

0.333 ± 0.014

160

0.0151

The native templated aerogels were all determined to have fairly small hydraulic
radii. This is contrary to what is expected for macroporous materials. An even more
problematic result is that the crosslinked templated samples all have very high calculated
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radii, all significantly larger than their native counterparts. Similarly, the 50 % MMA and
75 % styrene aerogels also were found to have larger radii than their native counterpart.
These results lead to the conclusion that the relaxation effects in the crosslinked samples
are more complex than are being accounted for in our calculations.

Table 4.5. Hydraulic radii calculated from surface-to-volume ratios
Aerogel
BC
X-BC

Hydraulic Radius (nm)
70.8
-

AC

55.7

X-AC

12.9

MP4

11.3

X-MP4

232

MP4-T045

53.9

X-MP4-T045

332

MP4-T065

-

X-MP4-T065

-

MP4-T200

-

MP4-T310

30.8

X-MP4-T310

644

Si-AIBN

95.5

50% MMA

117

50% styrene

66.7

75% styrene

662

The surface-to-volume ratio and NMR relaxation times can also be used to
determine the surface relaxivity parameter of porous media according to Equation 14.
The surface relaxivity for each aerogel was calculated and are listed in Table 4.6.
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Table 4.6. Surface relaxivities from surface-to-volume ratios
Aerogel
BC
X-BC

Surface Relaxivity (nm/s)
1.17
-

AC

2.99

X-AC

9.37

MP4

3.29

X-MP4

170

MP4-T045

4.22

X-MP4-T045

255

MP4-T065

-

X-MP4-T065

-

MP4-T200

-

MP4-T310

5.93

X-MP4-T310

804

Si-AIBN

2.78

50% MMA

11.8

50% styrene

6.63

75% styrene

8.30

The surface relaxivity is expected to be related to the nature of the surface. The
native BC, AC, and Si-AIBN all have different surface functionality, so they are not
easily compared. The surface of the native templated samples should be the same, but the
calculated values of surface relaxivity are not very close to one another. The samples
crosslinked with isocyanate also have very different calculated values of surface
relaxivity. These results also indicate that there is something more complex than is being
accounted for in our calculations. One possible problem with our calculations of surfaceto-volume, hydraulic radius, and surface relaxivity could be due to the reliance on the
specific surface area of the aerogels using nitrogen adsorption/desorption. Nitrogen can
access pores down to 0.7 nm, but is only estimated to see pores smaller than 50 nm [27].
So this method may not be sufficient for the aerogels that are truly macroporous.
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5. CONCLUSIONS

T1- and T2-weighted relaxation profiles of porous aerogels may be obtained by
adding a one-dimensional NMR gradient-recalled echo imaging sequence to the end of
standard T1 and T2 relaxation pulse sequences. The relaxation profiles can be used to
determine the porosity of the aerogel in addition to extracting the T1 and T2 relaxation
times of the fluid within the pores of the aerogel. T1 relaxation times were found to relate
to both the crosslinking polymer and the underlying aerogel structure.
T2 relaxation times of the pore filling fluid were very short, on the order of
milliseconds to tens of milliseconds. The short T2 relaxation time is due to the fast
diffusion of the fluid and the inhomogeneities in the magnetic field within the aerogel.
The small dynamic range of T2 relaxation times was not sufficient to yield information
about the pore size and structure of the aerogels.
T1 relaxation results from various native aerogels show a relationship between the
aerogel structure and the T1 relaxation time. Compared to the native base catalyzed
aerogels, the native acid catalyzed aerogels are known to have a smaller average radius
due to a significant amount of micropores. The native acid catalyzed aerogels were found
to have shorter T1 relaxation times than the native base catalyzed aerogels. The shortened
relaxation time is attributed to the increased surface area, resulting in a larger fraction of
fluid molecules interacting with the surface.
Surface interactions were shown to play a larger role in enhancing the relaxation
time than the surface area of the aerogel. Polymer crosslinking reduces the surface area of
the aerogel by filling in and blocking micropores and smoothing the surface of larger
pores. The reduction in surface area reduces the number of fluid molecules that can
interact with the pore surface. In general, the reduction of available surface leads to an
increased mobility and a longer relaxation time. The opposite effect was observed for
polymer crosslinked aerogels, the relaxation time was shortened after crosslinking. The
reduced relaxation time is due to the increase in interaction between the fluid molecules
and the polymer crosslinked surface. One factor that leads to increased interaction is
larger dipole-dipole interactions between the polymer crosslinked surface and the fluid
molecules. Another factor that will reduce the relaxation time is swelling of the polymer
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crosslinking. Swelling of the polymer crosslinking can be thought of as increasing the
available surface area for the fluid molecules to interact. The fluid within and near the
polymer crosslinking will be hindered and have a short relaxation time, so there will be a
larger fraction of molecules relaxing quickly as surface molecules.
Overall the T1 relaxation times for the crosslinked aerogels were significantly
shorter than the T1 relaxation times for the native aerogels. The T1 relaxation times were
enhanced due to the increased interactions although the surface area of the crosslinked
aerogels was decreased. There was also a difference in the extent of T1 relaxation time
enhancement relative to the crosslinking polymer. The isocyanate crosslinking lead to a
significant decrease in the T1 relaxation times, the relaxation times were reduced by a
factor of about 4 for most aerogels crosslinked with isocyante. The T1 relaxation times for
the aerogels crosslinked with MMA and styrene were also shorter than the relaxation
times of the native aerogels. The T1 relaxation times from the isocyanate crosslinked
aerogels were decreased more than the relaxation times from the MMA and styrene
crosslinked aerogels. The increased enhancement is attributed to the more rigid and
higher polarity of the isocyanate crosslinking in comparison with the MMA and styrene.
Unfortunately, relating NMR relaxation times to pore size will require an
independent measurement of either surface area or surface relaxivity. Methods of
measuring surface area of porous materials are generally limited to specific size ranges
and would require the use of multiple techniques for one sample. The use of multiple
techniques for one sample is inconvenient and time consuming. Surface relaxivity is also
problematic. There are not tabulated values of surface relaxivities and there is not a
simple method of measuring surface relaxivities. Surface relaxivities are specific to the
pore surface in a given sample. The functionality, the thickness, and the extent of
swelling are all elements that can affect the surface relaxivity.
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6. FUTURE WORK

The results of this study show potential for using NMR as a tool to measure
porosity and pore size of aerogels. There are concerns that will require further
investigations.
The porosities were obtained after submerging the aerogels into acetone and
allowing time for the fluid to penetrate the pores. The extent of pore filling was not
confirmed and could have led to erroneous results for porosity. UV fluorescence and Xray scattering experiments will be performed to check the extent of pore filling. In
addition, after submerging the aerogels in fluid and allowing time for the fluid to
penetrate, the samples will be put under vacuum to reduce the surface tension and
capillary forces within the unfilled pores.
Results of the current study are inconclusive with respect to pore sizes. In order to
relate the relaxation times with the pore sizes of the aerogels more experiments must be
conducted. The results of the current study rely on surface areas measured using nitrogen
adsorption/desorption using the BET method. The goal is to be able to use NMR as an
independent tool to measure pore size. In order to use NMR independently for the
measurement of pore sizes the surface relaxivity must be known. Measurement of surface
relaxivity will require numerous additional experiments to study the interaction of fluids
with various surfaces.
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APPENDIX A.
T1-WEIGHTED RELAXATION PROFILES AND T1 RELAXATION TIMES
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APPENDIX B.
PULSE PROGRAMS
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ProfGradEchoT1
#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>
"p2=p1*2"
"d11=30m"
"d28=d20-d27"
1 ze
d11 UNBLKGRAD
2 d1
; --- inversion --p2:f1 ph2
; --- recovery --d19
p1 ph1
d20
; --- CPMG loop (n-2 pulses) --3 d20
p2 ph2
d20
; --- first gradient pulse --; --- and last CPMG pulse --d27 gron1
d28 groff
p2 ph2
d28
; --- profile acquisition --d21 gron1
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit --400m wr #0
d11 BLKGRAD
exit
ph1=0 0 2 2 1 1 3 3
ph2=1 3 1 3 0 2 0 2
ph30=0
ph31=0 0 2 2 1 1 3 3
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5 * T1
;d11 : delay for disk I/O [30 ms]
;d15 : variable echo time
;d21 : read grad. stab. delay [min. 250u)
;d27 : phase-encoding grad. length
;gpz1 : phase-encoding grad. amplitude
;gpz2 : read grad. amplitude
;NS: 1 or 2 * n
;DS: 0 or 4-8
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ProfGradEchoT1MPT
#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>
"p2=p1*2"
"d11=30m"
"d28=d20-d27"
1 ze
d11 UNBLKGRAD
2 d1
; --- pulse train --4 vd
p1:f1 ph3
1u ivd
lo to 4 times 11
; --- recovery time and 90 degree pulse --d19
p1 ph1
; --- first gradient pulse --d27 gron1
d28 groff
p2 ph2
d28
; --- profile acquisition --d21 gron1
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit --400m wr #0
d11 BLKGRAD
exit
ph1=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 3 3 3 3 3 3 3 3
ph2=1 1 1 1 3 3 3 3 1 1 1 1 3 3 3 3 0 0 0 0 2 2 2 2 0 0 0 0 2 2 2 2
ph3=0 2 1 3
ph30=0
ph31=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 3 3 3 3 3 3 3 3
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5 * T1
;d11 : delay for disk I/O [30 ms]
;d15 : variable echo time
;d21 : read grad. stab. delay [min. 250u)
;d27 : phase-encoding grad. length
;gpz1 : phase-encoding grad. amplitude
;gpz2 : read grad. amplitude
;NS: 1 or 2 * n
;DS: 0 or 4-8
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ProfGradEchoT1MPTwdelay
#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>
"p2=p1*2"
"d11=30m"
"d28=d20-d27"
1 ze
d11 UNBLKGRAD
2 d1
; --- pulse train --4 vd
p1:f1 ph3
1u ivd
lo to 4 times 11
; --- recovery time and 90 degree pulse --d19
p1 ph1
; --- T2 relaxation of polymer --d2
; --- first gradient pulse --d27 gron1
d28 groff
p2 ph2
d28
; --- profile acquisition --d21 gron1
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit --400m wr #0
d11 BLKGRAD
exit
ph1=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 3 3 3 3 3 3 3 3
ph2=1 1 1 1 3 3 3 3 1 1 1 1 3 3 3 3 0 0 0 0 2 2 2 2 0 0 0 0 2 2 2 2
ph3=0 2 1 3
ph30=0
ph31=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 3 3 3 3 3 3 3 3
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5 * T1
;d11 : delay for disk I/O [30 ms]
;d15 : variable echo time
;d21 : read grad. stab. delay [min. 250u)
;d27 : phase-encoding grad. length
;gpz1 : phase-encoding grad. amplitude
;gpz2 : read grad. amplitude
;NS: 1 or 2 * n
;DS: 0 or 4-8
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ProfGradEchoT1PT
#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>
"p2=p1*2"
"d11=30m"
"d28=d20-d27"
1 ze
d11 UNBLKGRAD
2 d1
; --- pulse train --4 d17
p1:f1 ph1
lo to 4 times 100
; --- recovery time and 90 degree pulse --d19
p1 ph1
; --- first gradient pulse --d27 gron1
d28 groff
p2 ph2
d28
; --- profile acquisition --d21 gron1
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit --400m wr #0
d11 BLKGRAD
exit
ph1=0 0 2 2 1 1 3 3
ph2=1 3 1 3 0 2 0 2
ph30=0
ph31=0 0 2 2 1 1 3 3
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5 * T1
;d11 : delay for disk I/O [30 ms]
;d15 : variable echo time
;d21 : read grad. stab. delay [min. 250u)
;d27 : phase-encoding grad. length
;gpz1 : phase-encoding grad. amplitude
;gpz2 : read grad. amplitude
;NS: 1 or 2 * n
;DS: 0 or 4-8
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ProfileGradEcho
#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>
"d11=30m"
"p2=2*p1"
1 ze
d11 UNBLKGRAD
2 d1
; --- preparation pulse --p1:f1 ph1
; --- first gradient pulse --d27 gron1
5u groff
; --- evolution time --d15
; --- profile acquisition --d21 gron2
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit --400m wr #0
d11 BLKGRAD
exit

ph1=0 0 2 2 1 1 3 3
ph2=1 3 3 1 2 0 0 2
ph30=0
ph31=0 0 2 2 1 1 3 3

;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5 * T1
;d11 : delay for disk I/O [30 ms]
;d15 : variable echo time
;d21 : read grad. stab. delay [min. 250u)
;d27 : phase-encoding grad. length
;gpz1 : phase-encoding grad. amplitude
;gpz2 : read grad. amplitude
;NS: 1 or 2 * n
;DS: 0 or 4-8
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ProfileGradEchoCPMG
#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>
"p2=p1*2"
"d11=30m"
"d28=d20-d27"
"d19=d20-p2/3.1415"
1 ze
d11 UNBLKGRAD
2 d1
; --- preparation pulse --p1:f1 ph1
; --- first CPMG pulse with shortened first delay --; --- according to Huerliman, MRI 19 (2001) 375-378 --d19
p2 ph2
d20
; --- CPMG loop (n-2 pulses) --3 d20
p2 ph2
d20
lo to 3 times 2
; --- first gradient pulse --; --- and last CPMG pulse --d27 gron1
d28 groff
p2 ph2
d28
; --- profile acquisition --d21 gron1
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit --400m wr #0
d11 BLKGRAD
exit
ph1=0 0 2 2 1 1 3 3
ph2=1 3 1 3 0 2 0 2
ph30=0
ph31=0 0 2 2 1 1 3 3
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5 * T1
;d11 : delay for disk I/O [30 ms]
;d15 : variable echo time
;d21 : read grad. stab. delay [min. 250u)
;d27 : phase-encoding grad. length
;gpz1 : phase-encoding grad. amplitude
;gpz2 : read grad. amplitude
;NS: 1 or 2 * n
;DS: 0 or 4-8
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ProfileGradEchoPFG
#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>
"p2=p1*2"
"d11=30m"
"d28=d20-d27"
"d19=d20-p2/3.1415"
1 ze
d11 UNBLKGRAD
2 d1
; --- preparation pulse --p1:f1 ph1
; --- first gradient pulse --; --- and last CPMG pulse --d27 gron1
d28 groff
p2 ph2
d20
d20
p2 ph2
d20
d20
p2 ph2
d28
; --- profile acquisition --d21 gron1
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit --400m wr #0
d11 BLKGRAD
exit
ph1=0 0 2 2 1 1 3 3
ph2=1 3 1 3 0 2 0 2
ph30=0
ph31=0 0 2 2 1 1 3 3
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5 * T1
;d11 : delay for disk I/O [30 ms]
;d15 : variable echo time
;d21 : read grad. stab. delay [min. 250u)
;d27 : phase-encoding grad. length
;gpz1 : phase-encoding grad. amplitude
;gpz2 : read grad. amplitude
;NS: 1 or 2 * n
;DS: 0 or 4-8

74
zgdelayed
;zg
;avance-version (00/02/07)
;1D sequence

#include <Avance.incl>

1 ze
2 d1
p1 ph1
d2
go=2 ph31
wr #0
exit
ph1=0 2 2 0 1 3 3 1
ph31=0 2 2 0 1 3 3 1

;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - high power pulse
;d1 : relaxation delay; 1-5 * T1

;$Id: zg,v 1.6 2000/05/08 11:41:13 eng Exp $
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